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PROJECT  ABSTRACT: 


■^Iron-associated  cell  outer  membrane  proteins  (FeOMPS) 
magnetic  bacteria  are  the  focus  of  this  research.  In  addi 
determining  effects  of  iron  and  oxygen  supply  on  FeOMPs,  s 
potential  roles  of  these  external  cell  proteins  will  be 
investigated  to  determine  how  they  may  participate  in  -CD 
binding  and  reduction  to  mobilize  it  inward  jf2)  detoxi?ica 
activated  forms  of  0^  and  (3)  the  synthesis  and/or  release 
soluble  c-type  CO-binding  cytochrome.  The  relationship  of 
to  cell  magnetite  precipitation  will  be  explored  with  the 
mutant  strains.  An  effort  will  be  made  to  document  the  pr 
cellular  location  and  role  in  cell  physiology  and  magnetos 
formation  of  a  CO-binding  soluble  c-type  cytochrome  which 
selectively  released  from  cells  of  a  magnetic  spirillum  by 
freezing  and  thawing. 
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PROJECT  PROGRESS  SUMMART: 


The  attached  abstracts  of  papers  (Appendix  I)  summarize 
many  of  our  recent  findings. 

Freezing  and  thawing  cells  of  Aauaspirlllum 
magnetotactic um  selectively  released  cell  periplasmic  proteins 
(ref  la,  cited  above).  C-type  hemes  were  released  from  magnetic 
spirilla  by  the  simple  freeze/thaw  procedure  (ref  3a  and  previous 
references  cited  therein),  with  surprisingly  few  other  proteins. 
Thus,  these  are  now  known  definitively  to  be  periplasmic 
substances.  The  c-type  hemes  include  an  85  kdal  and  a  16.5  kdal 
pink  protein.  The  former  appears  to  be  the  c-moiety  of  a  cd1 
nitrite  reductase  whereas  the  other  appears  to  bind  carbon 
monoxide  and  has  peroxidase  activity.  Studies  of  the  properties 
of  each  of  these  c-type  hemes  are  in  progress.  The  latter  may  be 
an  important  Oj-detoxifying  enzyme  in  this  (  ca  talase- nega  tive  ) 
species.  As  such,  its  location  in  the  periplasm  and  cell  outer 
membrane  (see  below)  would  be  especially  advantageous  in  this 
obligate  m  lcr  oaerophil  e. 

Antisera  raised  in  rabbits  Immunized  with  the  purified  16.5 
kdal  hemoproteln,  cro ss-r ea cte d  in  Western  Blots  of  cell 
outer  membrane  proteins  thereby  indicating  antigenic  relatedness 
between  the  16.5  kdal  periplasmic  hemoproteln  and  a  protein  of 
similar  mol.  wt.  in  the  cell  outer  membrane  (ref  3a).  This 


confirmed  the  presence  of  c-type  cytochromes  in  the  cell  outer 
membrane.  Because  c-type  hemes  have  frequently  been  used  as 
markers  of  cell  inner  membranes  in  cell  fractionation  studies, 
our  unexpected  and  interesting  findings  should  be  extended.  One 
goal  will  be  to  identify  or  confirm  role(s)  of  these  cytochromes 
in  their  unusual  cell  locations. 


Acuasplrlllum  magnetotactlcum  cells  grown  at  high  but  not 
low  iron  produced  hydroxamate  material  which  served  as  an  iron 
chelator  for  a  siderophore-def icient  Salmonella  strain,  (refs  2 
and  2a).  This  provides  the  first  evidence  for  iron  chelators  in 
magnetic  bacteria  and  indicates  an  unusual  pattern  of  hydroxamate 
release  -  at  high  but  not  low  iron.  Cells  apparently  require  at 
least  5  um  Fe  to  induce  synthesis  of  slderophores  and  continue  to 
produce  them  at  concentrations  of  iron  found  in  their  natural 
habitats  (20  um).  This  is  very  different  from  the  pattern  of 
siderophore  production  observed  in  enteric  bacteria. 

The  magnetosome  sheath  has  been  shown  to  behave  in  freeze- 
etching  studies  as  a  lipid  bilayer  (ref  4a).  The  protein  and 
lipid  composition  of  the  magnetosome  sheath  is  currently  under 
study. 
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Hydroxamate  Production  by  Aquaspiiillum  magnetotacticum 
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Spent  culture  fluids  from  AquaspiriHum  magnttolaeticum  MS-1  grown  at  high  (20  m-M)  but  not  low  (5  giMi 
iron  concentration  contained  material  yielding  a  positive  hydroxamate  test.  Cells  possessed  six  major  outer 
membrane  proteins.  Three  outer  membrane  proteins  ranging  from  72.000  to  8S.000  daltons  were  coordinated 
produced  at  iron  concentrations  Appropriate  for  hydroxamate  production.  A  55,000-dalton  iron-repressible 
outer  membrane  protein  was  also  present  in  strain  MS- 1  cultured  at  low  but  not  high  ferric  quinate 
concentration.  Culture  fluids  from  strain  MS-1  which,  were  hydroxamate  positive  augmented  growth  of  a 
Salmonella  typhimurium  siderophore-defleient  {tnb-7MX  mutant  In  low-lron  medium,  suggesting  a  role  or 
hydroxamate  in  uptake  of  iron  by  the  cell. 


Numerous  bacterial  proteins,  including  cytochromes,  cat¬ 
alases.  peroxidases,  superoxide  dtsmutascs.  ribotidc  reduc¬ 
tases.  and-nitrogcnascs.  contain  iron  (15).  Because  of  its 
insolubility  at  neutral  pH  under  aerobic  conditions,  iron  is 
usually  unavailable  for  direct  uptake  by  cells  (16).  Under 
conditions  of  low  iron  concentration  (less  than  1  pM).  many 
microorganisms  produce  iron  chelators,  termed  sidcro- 
phorcs  (16).  These  arc  assimilated  into  gram-negative  cells 
by  means  of  specific  receptor  proteins  located  in  the  outer 
membrane  (16.  18.  20). 

Sidcrophorcs  have  been  detected  in  spent  culture  fluids 
from  aerobes  and  facultative  anaerobes  but  arc  apparently 
not  produced  by  s'  net  anaerobes  or  the  lactic  acid  bactcr.i 
(15,  161.  No  information  exists  concerning  sidcrophorc  pro¬ 
duction  by  obligate  microacrophilcs. 

AquaspiriHum  magrietoiaciicum  (13)  is  a  gram-negative, 
ohligatclv  microacrophilic  chcmohctcrotroph,  2. OH-  of  which 
(dry  weight)  is  iron.  Although  proteins  and  hcmoprotcins  of 
this  organism  contain  iron,  most  of  this  metal  is  compart¬ 
mentalized  within  its  magnetosomes.  which  arc  intracellular 
env  eloped  cry  stals  of  the  iron  oxide  magnetite  (2).  Virtually 
nothing  is  known  of  the  manner  in  which  cells  of  this 
organism  sequester  iron.  However,  in  both  its  natural  habitat 
and  its  culture  medium  the  total  iron  concentration  is  20  pM. 
In  nature,  the  iron  may  be  complcxcd  with  humic  substances 
or  plant-derived  organic  acids.  In  the  culture  medium^ used, 
iron’r^lhclatcd  with  qumic  acid. 

Tftis  study  was  initiated  to  determine  whether  A.  map  if- 
totacttcum  uses  a  high-affinitv  (sidcrophorc)  system  similar 
to  those  used  by  other  gram-negative  organisms  for  iron 
acquisition. 

MATERIALS  AND  METHODS 

Bacterial  strains  and  growth  conditions.  Cells  of  A. 
mapictoiacticum  MS-1  (ATCC  31632)  and  of  a  nonmagnetic 
mutant  A.  mucnctotacticum  strain,  NM-IA.  were  cultured 
microacrohically  in  chemically  defined  growth  medium 
(MSGM)  as  previously  described  (3).  The  iron  source,  ferric 
quinate.  was  provided  at  concentrations  of  0.  5.  10,  20.  or  40 
pM.  FcSO.  was  omitted  trom  the  culture  medium  mineral 
solution,  and  for  studies  involving  spcctrophotomctric  anal- 
vsis  of  supernatant  fluids,  resazurm  was  omiited.  A  ferric 
chloride-sodium  citrate  mixture  with  a  curatc-to-iron  molar 
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ratio  of  1:1  or  20:1  (an  iron  concentration  of  20  pM)  was  used 
in  lieu  of  ferric  quinate.  Without  added  iron,  MSGM  con¬ 
tained  0.35  pM  iron,  as  determined  by  the  fcrrozinc  method 
(19).  No  attempts  were  made  to  completely  remove  iron 
from  the  culture  medium. 

Salmonella  typhimunum  LT-2  enb-7b,  an  cntcrobactin- ,7' 
deficient  mutant  {a  gift  from  J.  B.  Ncilands.j,  University  of 
California  at  Berkeley),  and  S.  typhimunum  ATCC  14028 
were  maintained  on  nutrient  agar  slants  and  subculturcd 
^bimonthly.  To  promote  sidcrophorc  production.  S.  ryph - 
i munum  ATCC  14028  was  cultured  for  48  h  at  37*C  on  a 
rotary  shaker  in  0.25Cf  (wt/vol)  Casamino  Acids  (Difco 
Laboratories.  Detroit,  Mich.)  solution  coniainit.g  0.2  mM 
MgCI;  and  adjusted  to  pH  7.5  (18). 

Isolation  of  outer  membrane  proteins.  A.  mapictotaciicum 
MS-1  and  NM-IA  were  grown  to  early  stationary'  phase  in 
1 -liter  batch  cultures.  Cells  were  harvested  by  centrifugation 
(7.000  x  g  for  15  min  at  4”C)  and  suspended  in  10  ml  of  50" 
mM  potassium  phosphate  bulfcr  (pH  6.8).  Outer  membrane 
proteins  (OMPs)  were  isolated  by  the  procedure  of 
Schnaitman  (17).  Briefly.  DNase  and  RNasc  (Sigma  Chem¬ 
ical  Co..  St.  Louis.  Mo.)  were  each  added  to  cell  suspen¬ 
sions  at  a  final  concentration  of  0.1  mg/ml.  Cells  were 
ruptured  by  two  passes  through  a  prccoolcd  French  pressure 
cell  (16.000  lb. in*).  Unbroken  cells  and  cellular  debris  were 
removed  by  centrifugation  at  7.000  x  g  (or  15  min  at  4'C. 
The  resulting  supernatant  fluid  was  uliraccnufugcd  at 
200.000  x  g  for  60  min  at  4'C.  The  brown  pellet,  containing 
•both  inner  and  outer  cell  membranes,  was  suspended  in  10 
ml  of  10  mM  /v'-2-hydroxycthylpipcrazinc-/V-2-cthanc- 
sulfonic  acid  (HEPES.  pH  7.4)  containing  29J-  (volvol) 
Triton  X-100  and  10  mM  MgCI;.  The  unsolubilized  outer 
membrane  fraction  was  collected  by  ultraccntrifugation 
(200.000  x  g  for  60  min  at  4"C)  and  washed  once  in  10  mM 
HLPES  jpH  7.4)  to  removed  residual  Triton  X-100.  The 
solubilized  cytoplasmic  membrane  proteins  were  Vifccipi- 
tated  with  cold  95”  ethanol  overnight  at  -f2°C  and  col¬ 
lected  bv  centrifugation  (7,000  x  g  for  30  min  at  4’C).  Protein 
determinations  were  made  by  the  procedure  of  Lowry  ct  al. 

(1 1 )  with  bovine  scrum  albumin  as  a  standard.  The  activity  of 
succinic  dehydrogenase,  a  cytoplasmic  membrane  enzyme, 
was  assayed  in  each  cell  fraction  (5)  to  assess  the  purity  of 
the  outer  membrane  fraction. 

Electrophoresis  and  analysis  of  OMPs.  OMPs  and  molccu 
lar  weight  standards  (Bio-Rad  Laboratories.  Richmond. 
Calif.)  were  solubilized  and  separated  by  the  electrophoretic 
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ABSTRACT 

Freezing  and  thawing  (F/T)  cells  of  Aquaspirii  i  dm 
MAGNETOTACT  I  CUM  STRAIN  MS-1  IN  10-50  MM  POTASSIUM  PHOSPHATE  (PH 
6.8)  OR  HEPES  (PH  7.4)  BUFFER  RESULTED  IN  SELECTIVE  RELEASE  OF 

proteins.  After  thawing,  cells  were  not  visibly  disrupted  and 

SOME  WERE  MOTILE.  THE  F/T  SUPERNATANT  FLUID  CONTAINED  60 
PROTEINS  as  detected  by  silver  stained  SDS-PAGE.  Non-SDS  gels 
EXHIBITED  6  PROTEINS  WITH  SUPEROXIDE  DISMUTASE  AND  4  WITH  ' 

peroxidase  activity.  The  pink  F/T  wash  fluids  also  contained  c- 

TYPE  CYTOCHROMES  INCLUDING  A  DIHEME  C,D]-TYPE  AS  DETERMINED  FROM 
DIFFERENCE  SPECTRA.  THE  PAGE  PROTEIN  PROFILE  OF  F/T  WASH  FLUIDS 
WAS  NEARLY  IDENTICAL  TO  THAT  OF  PERIPLASMIC  FRACTIONS  OBTAINED  BY 
CONVENTIONAL  METHODS  INCLUDING  CHLOROFORM  TREATMENT  OR  OSMOTIC 
SHOCK.  IT  WAS  DISTINCT  FROM  THOSE  OF  EITHER  OUTER  OR  CYTOPLASMIC 
MEMBRANE  FRACTIONS.  F/T  FLUIDS  HAD  THE  LOWEST  SUCCINIC 
DEHYDROGENASE  ACTIVITY  (2.9  %  OF  THE  RELATIVE  ACTIVITY  DETECTED) 
OF  ANY  ISOLATED  PERIPLASMIC  FRACTION.  THUS,  IT  APPEARS  THAT  F/T 
SELECTIVELY  RELEASED  PERIPLASM  FROM  THIS  SPIRILLUM  WITHOUT 


DISRUPTING  THE  CYTOPLASMIC  MEMBRANE.  • 
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RESULTS  AND  DISCUSSION 

The  cytoplasmic  membrane  fraction  obtained  with  the  Triton 
X-100/MgQ_2  method  (Table  1),  contained  the  highest  SDH  specific 

ACTIVITY  DETECTED/  WHEREAS  THE  OUTER  MEMBRANE  AND  PER  I  PLASM  I C  + 
CYTOPLASMIC  FRACTIONS  EACH  CONTAINED  8  %  OF  THE  MAXIMUM  SDH 
SPECIFIC  ACTIVITY  DETECTED. 

Freezing  and  thawing  released  proteins  from  cells  of  A* 

MAGNFTOTACT I  CUM  WITHOUT  APPARENT  CELL  DAMA6E .  ThE  CELL  FRACTION 
OBTAINED  USING  F/T  CONTAINED  2.9  %  OF  MAXIMUM  SDH  SPECIFIC 
ACTIVITY  DETECTED.  THE  CELL  FRACTIONS  OBTAINED  USING  CHLOROFORM 
OR  LYSOZYME-EDTA/  CONTAINED  4.2  AND  3.1  %,  RESPECTIVELY.  THESE 
RESULTS  SUGGEST  THAT  PERIPLASM  OBTAINED  BY  CONVENTIONAL  METHODS 
OR  BY  F/T  IS  RELATIVELY  UNCONTAMINATED  WITH  CYTOPLASMIC  MEMBRANE 
PROTEINS. 

A  MAJORITY  (85  %)  OF  THE  TOTAL  CYTOCHROME  CONTENT  OF 
DENITRIFYING  L.  MAGNETOTACT  I  CUM  CONSISTS  OF  C-TYPE  HEME.  SOLUBLE 
C-TYPE  HEMES  COMPRISE  60  %  OF  THE  TOTAL  CYTOCHROMES  AND  INCLUDE  A 
CD -j  MULTIHEME  (NITRITE  REDUCTASE).  PERIPLASMIC  FRACTIONS/ 
REGARDLESS  OF  THE  METHOD  US*ED  TO  OBTAIN  THEM,  DISPLAYED  SPECTRAL 
CHARACTERISTICS  OF  C-TYPE  HEMES.  F/T  AND  PERIPLASM  +  CYTOPLASM 

(Triton  X-100/MgCl;?  method)  fractions,  when  concentrated,  were, 

PINK-ORANGE  IN  COLOR  AND  EXHIBITED  RED-OX  ABSORBANCE  MAXIMA  (551, 
522  AND  425  NM)  CONSISTENT  WITH  THOSE  OF  C-TYPE  HEMES  (F I G.  1). 
There  are  numerous  reports  of  soluble  bacterial  c-type 
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CYTOCHROMES  (7,8,16/18).  THESE  FREQUENTLY  APPEAR  TO  ORIGINATE 
FROM  THE  PERIPLASM  OR  TO  BE  LOOSELY  ASSOCIATED  WITH  THE 
CYTOPLASMIC  MEMBRANE.  THESE  HEMOPROTE I  NS  IN  A*  MAGNETOTACT  I  CUM 
MAY  BE  LOOSELY  ASSOCIATED  WITH  THE  CYTOPLASMIC  MEMBRANE  AND 
LIBERATED  INTO  THE  PERIPLASM  BY  F/T. 

Proteins  of  similar  molecular  weight  released  from  A. 

MAGNFTQTACT 1  CUM  BY  EITHER  LYSOZ YME-EDTA  OR  CHLOROFORM  TREATMENT 
SHOWED  A  HIGH  DEGREE  OF  SIMILARITY  TO  THOSE  RELEASED  BY  THE  F/T 
PROCEDURE  AS  DEMONSTRATED  BY  SDS-PAGE.  EACH  PER  I  PLASM  I C  FRACTION 
(Fig.  2,  LANES  4-7)  EXHIBITED  OVER  60  BANDS.  MANY  OF  THESE 
PROTEINS  RANGING  BETWEEN  29,000-42,000  DALTONS  WERE  PRESENT  ONLY 
IN  PERIPLASM  FRACTIONS  (F 1 6.  2,  LANES  4-7).  THESE  MIGHT  INCLUDE 
PROTEINS  WITH  KNOWN  FUNCTIONS  IN  OTHER  SPECIES  (E.G.  ENZYMES, 
BINDING  PROTEINS).  OUR  RESULTS  SHOW  THAT  THESE  INCLUDE  SEVERAL 
PROTEIN  BANDS  WITH  SOD  ACTIVITY  AND  6  W I TH  PEROXIDASE  ACTIVITY 

(Fig.  3). 


The  F/T  METHOD  WE  USED  W 1 TH  A.  MAGNETOTACT  1  CUM  HAS  MANY 
ADVANTAGES  OVER  CONVENTIONAL  TECHNIQUES  USED  TO  RELEASE 

periplasm.  These  include;  the  absence  of  any  chemical  treatment 

BY  LYSOZYME,  CHLOROFORM,  TOLUENE  OR  EDTA;  THE  RAPID  RECOVERY  OF, . 

< 

ENZYMES;  LACK  OF  APPARENT  DAMAGE  TO  THE  CELL. 
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Antigenic  Relatedness  of  a  Periplasmic  c-type  Cytochrone  and  an 
Outer  Membrane  Protein  in  AouasDirillum  macneiatacticum. 


A.OP.aaPlr.invF  masnetotacticum  strain  MS-1  possesses  a  16,500  dal  ton  (16.5  kdal) 
protein  in  each  cellular  fraction  (soluble,  outer  membrane  ana  cytoplasmic  membrane) 
as  visualized  by  silver- stained  SDS-PAGE.  This  protein  recovered  from  soluble  cell 
fractions,  this  protein  displayed  spectral  characteristics  of  a  c-type  cytochrome.  A 
protein  of  similar  size  in  cytoplasmic  fractions  was  regarded  as  "membrane-bound" 
cytochrome  c.  The  presence  of  an  outer  membrane  protein  (OMP)  similar  in  mass  to 
both  the  soluble  and  membrane-bound  cytoplasmic  hemoproteins  was  intriguing  because 
bacterial  OMPs  are  not  known  to  include  cytochromes.  To  determine  if  the  16.5  kdal 
OMP  was  similar  to  the  soluble  cytochrome  c,  cellular  fractions  of  strain  MS-1  were 
subjected  to  SDS-PAGE,  transferred  to  ni trocell ulose  and  probed  (e.g  Western  blot) 
using  antisera  raised  against  the  soluble  heme. 

The  16.5  kdal  OMP  from  cells  of  strain  MS-1  cross  reacted  with  antibodies  raised 

,  X**  7**^ 

against  the  purified,  soluble  cytochrome  c/  This  OMP  however,  did  not  react  with 

antibodies  raised  against  a  soluble  82  kdal  (pink)  protein,  believed  to  be  the  heme  c 

of  the  cd1  cytochrome  complex.  An  85  kdal  protein  (putative  cytochrome  cd^  or 

nitrite  reductase),  detected  in  soluble  and  cytoplasmic  cell  fractions  did  react  with 

C 

antibodies  raised  against  the  soluble  16.5  kdal  cytochrome  c,  however.''  Numerous 
soluble  proteins  cross  reacted  with  antibodies  raised  against  the  16.5  kdal 

A 

cytochrome,  suggesting  a  highly  conserved  peptide  sequence  in  these  and  the  soluble 


hemoprotein.  Since 


:um  is  an  obligate  microaerophile,  it  is 


conceivable  that  the  16.5  kdal  OMP  may  function  as  a  peroxidase  with  a  principle  role 
in  oxygen  detoxification,  as  has  been  demonstrated  with  some  c-type  cytochromes  in 
other  organisms.  Thus,  this  study  revealed  an  outer  membrane  component 


antigenl cally  similar  to  a  soluble  cytochrome  c  in  the  magnetic  spirillum.  These 

t--r  a 

results  may  lead  to  new  and  interesting  functions  of  the  bacterial  outer  membrane. 


X  A  GrevV^  ^  .?  ^  WVl^^  r 

Ultra  structure  and  Composition  of  the  Magnetosome  Envelope 


Magnetic  bacteria  sythesize  intracellular  magnetite  (Fe^O^) 
particles  which  impart  a  magnetic  character  to  cells  containing 
them.  AQuasplrlllum  mag.ne_tot.acti cum  cells  each  contain  enveloped 
magnetite  particles  termed  "magnetosomes".  By  means  of  freeze 
etching  and  transmission  electron  microsoopy,  we  have  obtained 
evidence  consistent  with  the  possibility  that  the  magnetosome 
sheath  in  this  organism  consists  of  a  lipid  bilayer.  Results  of 
polyacrylamide  gel  electrophoresis  applied  to  magnetosomes 
purified  by  magnetic  separation  from  disrupted  cells  confirmed 
the  presence  of  associated  proteins.  These  findings  suggest  that 
the  magnetite  within  this  organism  is  normally  enveloped  by  a 


bi-'ogical  membrane  consisting  of  a  lipid  bilayer  admixed  with 


protein. 


